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METHOD AND APPARATUS FOR
CONTROLLING POWER CONVERTER
OUTPUT CHARACTERISTICS

CROSS-REFERENCES TO RELAT
APPLICATIONS

D,

L1

This application claims priority to Chinese Patent Appli-
cation No. 200910164772 .8, filed Jul. 22, 2009, commonly
assigned and 1ncorporated by reference 1n 1ts entirety herein
tor all purposes.

BACKGROUND OF THE INVENTION

The present 1nvention 1s directed to power supply control
circuits. More particularly, the invention provides methods
and apparatus for a power converter control circuit for con-
trolling the output current-voltage (I-V) characteristics of a
switching mode power supply.

Regulated power supplies are indispensable 1n modern
clectronics. For example, the power supply in a personal
computer often needs to recerve power mput from various
outlets. Desktop and laptop computers often have regulated
power supplies on the motherboard to supply power to the
CPU, memories, and periphery circuitry. Regulated power
supplies are also used 1n a wide variety of applications, such
as home appliances, automobiles, and portable chargers for
mobile electronic devices, etc.

Pulse Width Modulation (PWM) and Pulse Frequency
Modulation (PFM) are two alternative control architectures
of switching mode power supplies. In recent years, green
power supplies are emphasized, which require higher conver-
sion elficiency and lower standby power consumption. In a
PWM controlled switching mode power supply, the system
can be forced to enter into burst mode 1n standby conditions to
reduce power consumption. In a PFM controlled switching,
mode power supply, the switching frequency can be reduced
in light load conditions. A PFM-controlled switching mode
power supply exhibits simple control topology and small
quiescent current. Therefore, it 1s suitable for low cost small
output power applications such as battery chargers and adapt-
ers, and cooling fan speed control for a personal computer
system.

The control operation 1n a switch mode power supply
(SMPS) can be implemented using different techniques, for
example, depending on whether the SMPS uses primary-side-
regulation (PSR) or secondary-side-regulation (SSR). In
SSR, the control of the power supply output characteristics 1s
based on sensing the output current or voltage at the second-
ary side (output side) of the transformer. The sensed signal 1s
provided by a feedback mechanism, e.g., via an opto-coupler,
to the SMPS controller, which controls the primary side cur-
rent of the transformer.

In contrast, in primary side regulation (PSR), the power
supply output current or voltage 1s not directly sampled at the
output side. Instead, a primary side auxiliary winding 1s used
to sense the current or voltage in the primary winding or
secondary winding of the transformer. The PSR design 1s
finding 1ncreasingly widespread applications, because it can
provide high performance and cost effectiveness. In one
aspect, the output (secondary side) circuitry of the power
supply can be simplified. Moreover, in many power supplies,
an auxiliary winding 1s often used to provide operating power
tor the controller. In these cases, the auxiliary winding can
also provide the sensing function without added cost.

FI1G. 1 illustrates an output I-V characteristics for a power
supply 1n applications such as battery chargers and power
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2

adapters. As shown, the output voltage versus output current
plot exhibits a vertically folded back curve. In a constant
voltage (CV) mode 101, the power supply provides a constant
output voltage which is substantially independent of the out-
put current. In a constant current (CC) mode 102, the power
supply provides a constant current substantially independent
of output voltage. In the constant mode, the power supply can
provide a constant current at a low output voltage.

Even thought power converters having output current-volt-
age characteristic of FIG. 1 have been used 1n many applica-
tions, they may not be suited for certain applications, as
described 1n more detail below. Therefore, there 1s a need for
methods and apparatus that can provide more general output
current-voltage characteristics 1n a power supply.

BRIEF SUMMARY OF THE INVENTION

The present 1invention 1s directed to power supply control
circuits. More particularly, the mvention provides methods
and apparatus for a power converter control circuit for con-
trolling the output I-V characteristics of a SMPS. Merely by
way ol example, the mvention has been applied to a PFM
control circuit for power converters having certain output I-V
characteristics. However, the method and apparatus
described herein can be applied to other types of converters,
for example, PWM or SSR controllers. There can be many
other varniations, modifications, and alternatives.

In some embodiments, the invention provides a method
that includes modifying a current sense signal or a conduction
duty ratio using a signal related to at least one feedback
voltage signal to cause the output current to vary with the
output voltage. In a specific example, the output current i1s
configured to increase with decreasing output voltage. In
another example, the output current 1s configured to increase
with decreasing output voltage 1n a {irst output voltage range,
and to be reduced in a second output voltage range to less than
a maximum current that 1s available 1n the first voltage range.
Of course, there can be many other variations, modifications,
and alternatives.

According to an embodiment of the invention, a method for
controlling an output current of a power converter includes
receiving a current sense signal related to a current in a
primary winding in the power converter and limiting the
current sense signal to be lower than or equal to a predeter-
mined reference peak current. The method also includes
moditying the current sense signal using a first signal related
to an output voltage of the power converter to cause the output
current to increase with decreasing output voltage.

In an embodiment of the above method moditying the
current sense signal includes adding the first signal to the
current sense signal using at least a resistor. In another
embodiment. In another embodiment, the method also
includes modifying the current sense signal using a second
signal related to the output voltage of the power converter to
cause the output current to vary with the output voltage. In
another embodiment, the output current 1s configured to
increase with decreasing output voltage until the output cur-
rent reaches a maximum current 1n a first output voltage
range, and causing the output current to be lower than the
maximum current 1n a second output voltage range.

In another embodiment, the power converter 1s configured
to maintain a conduction duty ratio in the power converter.
The method also includes moditying the conduction duty
ratio using at least a signal related to the output voltage of the
power converter to cause the output current to vary with the
output voltage.
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According to another embodiment of the invention, a
power converter includes a primary winding for providing a
primary current, a secondary winding for providing an output
current and an output voltage, and a current sense node for
receiving a current sense signal related to the primary current.
The power converter also includes a control circuit configured
to limait the current sense signal to be lower than or equal to a
predetermined reference peak current. Moreover, the power
converter includes a first circuit configured to modily the
current sense signal using a first signal related to the output
voltage to cause an variation 1n the output current.

In an embodiment of the above converter the controller 1s
configured to cause the output current to increase with
decreasing output voltage. In another embodiment, the first
circuit includes at least a resistor. In another embodiment, the
first circuit and the control circuit 1s included 1n a single
integrated circuit chip.

In another embodiment of the converter, a second circuit 1s
configured to modify the current sense signal using a second
signal related to the output voltage of the power converter to
cause the output current to vary with the output voltage. In
another embodiment, the controller 1s configured to cause the
output current to increase with decreasing output voltage
until the output current reaches a maximum current and to
cause the output current to be lower than the maximum cur-
rent 1n a second output voltage range. In another embodiment,
the second circuit comprises a transistor, a Zener device, and
a resistor.

In another embodiment of the converter, the first circuit, the
second circuit, and the control circuit are included 1n a single
integrated circuit chup. In another embodiment, the control
circuit 1s included 1n a single integrated circuit chip, and the
first circuit and the second circuit comprise discrete compo-
nents. In yet another embodiment, the control circuit 1s fur-
ther configured to maintain a conduction duty ratio in the
power converter, and the converter 1s further configured to
modity the conduction duty ratio using at least a signal related
to the output voltage of the power converter to cause the
output current to vary with the output voltage.

According to an alternative embodiment, a controller for a
power converter includes a current sense node for receiving a
current sense signal related to a current 1n a primary winding
in the power converter, and a control circuit configured to
limit the current sense signal to be lower than or equal to a
predetermined reference peak current. The controller also
includes a first circuit configured to modify the current sense
signal using a first signal related to an output voltage of the
power converter to cause an output current to vary with the
output voltage.

In an embodiment, the controller 1s configured to cause the
output current to increase with decreasing output voltage. In
another embodiment, the first circuit includes at least a resis-
tor. In another embodiment, the first circuit and the control
circuit are included 1n a single integrated circuit chip.

In another embodiment of the controller, a second circuit 1s
configured to modily the current sense signal using a second
signal related to the output voltage of the power converter to
cause the output current to vary with the output voltage. In
another embodiment, the controller 1s configured to cause the
output current to increase with decreasing output voltage
until the output current reaches a maximum current and to
cause the output current to be lower than the maximum cur-
rent 1n a second output voltage range. In another embodiment,
the second circuit comprises a transistor, a Zener device, and
a resistor.

In another embodiment of the controller, the first circuat,
the second circuit, and the control circuit are included 1n a
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single integrated circuit chip. In another embodiment, the
control circuit 1s included 1n a single integrated circuit chip,
and the first circuit and the second circuit comprise discrete
components. In yet another embodiment, the control circuitis
turther configured to maintain a conduction duty ratio in the
power converter, and the controller 1s further configured to
modily the conduction duty ratio using at least a signal related
to the output voltage of the power converter to cause the
output current to vary with the output voltage.

A Turther understanding of the nature and advantages of the

present invention may be realized by reference to the remain-
ing portions of the specification and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a simplified drawing illustrating a current-voltage
(I-V) characteristic of a conventional power converter,
including a constant voltage (CV) region and a constant-
current (CC) region;

FIG. 2 1s a simplified drawing illustrating a current-voltage
(I-V) characteristic of a power converter according to an
embodiment of the present invention;

FIG. 3 1s a simplified block diagram of a power converter
according to an embodiment of the present invention;

FIG. 4 1s a simplified block diagram of a power controller
integrated circuit that can be used 1n the power converter 1n
FIG. 3 according to an embodiment of the present invention;

FIG. 5 15 a simplified diagram 1llustrating the operation of
the power converter of FIG. 4 1n a constant-current (CC)
mode according to an embodiment of the present invention;

FIG. 6 1s a simplified schematic diagram of a power con-
verter according to an embodiment of the present invention;

FIG. 7 1s a simplified diagram 1llustrating the operation of
the power converter of FI1G. 6 according to an embodiment of
the present invention;

FIG. 8 1s a simplified schematic diagram of a power con-
verter according to an alternative embodiment of the present
imnvention;

FIG. 9 1s a simplified block diagram of an integrated circuit
power controller according to another embodiment of the
present invention;

FIG. 10 1s a simplified block diagram of a power controller
integrated circuit according to an alternative embodiment of
the present invention;

FIG. 11 1s a sumplified schematic diagram of a power
controller integrated circuit according to another embodi-
ment of the present invention;

FIG. 12 1s a simplified diagram 1llustrating the variation of
currents in power converter incorporating the power control-
ler mtegrated circuit of FIG. 11 according to an embodiment
ol the present invention;

FIG. 13 1s a simplified schematic diagram of a power
controller integrated circuit according to another embodi-
ment of the present invention; and

FIG. 14 1s a simplified diagram 1llustrating the varation of
currents 1n power converter incorporating the power control-
ler integrated circuit of FI1G. 13 according to an embodiment
of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

As described above, a conventional power converter often
has a current-voltage (I-V) curve that 1s divided in a constant-
voltage (CV) region and a constant current (CC) region. How-
ever, some applications may require a power converter to
provide different I-V characteristics. FIG. 2 1s a simplified
drawing illustrating current-voltage (I-V) characteristic of a
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power converter according to embodiments of the present
invention. In some applications, the load may consume a
larger current with decreasing output voltage, and then a
relatively low output current when output voltage drops to
zero (output short), e.g., after a fold back point, as 1llustrated
by curve 1 1 FIG. 2. In some applications, the load may
consume a larger current with lower output voltage, as 1llus-
trated by curve 2 1n FIG. 2. In other applications, 1t may be
desirable to have an I-V characteristic such as 1llustrated by
curve 3 1n FIG. 2, 1n which the current-voltage relationship 1s
changed beyond the fold back point. For example, in curve 3,
the output current reaches a maximum current at the fold back
point, and for lower output voltages, the output current stays
lower than the maximum current. Embodiments of the
present invention provide methods and apparatus that can be
used to tailor output I-V characteristics for specific applica-
tions, such as those shown 1n FIG. 2.

FIG. 3 1s a simplified block diagram of a power converter
300 according to an embodiment of the present invention. As
shown, power converter 300 has a transformer T, which
includes a primary winding 301, a secondary winding 302,
and auxiliary windings 303 and 304. Primary winding 301 1s
coupled to an AC input power source through a rectifier
circuit 311. The power converter’s output current Io and
output voltage Vo are provided by secondary winding 302
through a rectifying circuit 312. The current flow 1n primary
winding 301 is controlled by a power transistor (), which
receives a control signal from a power controller 330. The
maximum current flow 1s indicated as Ipeak in FIG. 3. In the
embodiment of FIG. 3, controller 330 1s an integrated circuit
power controller, which receives operating power at the VCC
terminal from auxiliary winding 303 and receives a current
sense signal at a current sense node or terminal (CS) from a
sense resistor Rsense coupled to power transistor Q.

Asshownin FIG. 3, power controller 330 1s also configured
to recerve other feedback signals at its current sense terminal
(CS). A first feedback signal 1s provided by a first feedback
circuit, Block A, which 1s coupled to auxiliary winding 304
and includes a control circuit labeled “I-V Control A” and a
rectifying circuit including a diode and a capacitor. In an
embodiment, Block A includes an output voltage sampling
unit and signal process unit (not shown 1n FIG. 3). In some
embodiments, a second feedback signal i1s provided by a
second feedback circuit, Block B, which 1s coupled to auxil-
1ary winding 303 and includes a control circuit labeled “I-V
Control B” and a rectifying circuit including a diode and a
capacitor.

In some embodiments of the invention, Block A 1s config-
ured to modily the output I-V curve during the transition from
the CV mode to the CC mode, and may lead to an I-V curve
similar to curve 2 1n FIG. 2. In an embodiment, Block B 1s
configured to implement an I-V characteristic similar to curve
1 in FIG. 2, where Block B 1s configured to take effect when
the output voltage decreases to a certain voltage to fold back
the current. In FIG. 3, Vaux 1s a voltage from an auxiliary
winding and represents a sampled signal related to the output
voltage.

Depending on the embodiment, Block A and Block B may
include a resistor divider to provide a required voltage signal
or a mathematic unit according to certain I-V curve require-
ment. For example, Block A can be a circuit block implement-
ing a mathematical function to modify the sampled output
voltage Vo according to the desired 1I-V characteristics. In
some embodiments, Block A and Block B can be configured
to implement an additive, subtractive, multiplicative, inte-
grating, or differential function. In a specific embodiment,
Block A or Block B can provide sampled voltage signals to
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the CS pin. In other embodiments, the primary current can be
varied 1n different ways, for example, by a quantity Vo*K,
where K 1s an adjustable parameter. Further details of the
operation of controller 330 and the feedback circuits, Block A
and Block B, are described in details below.

FIG. 4 1s a simplified block diagram of a representative
implementation of power controller 330 in power converter
300 of FIG. 3 according to an embodiment of the present

invention. In an embodiment, controller 330 1s an 1ntegrated
circuit chip having the following pins:

VCC—or recetving an operating power supply;

FB—ior receiving a feedback signal representing an out-
put voltage on the secondary side of the transformer;

CS—ior recetving a current sense signal representing a
current 1n the primary winding;

OUT—or 1ssuing a control signal to an external power
transistor for controlling the current tlow 1n the primary
winding; and

GND—for providing an electrical ground.

As shown 1n FIG. 4, controller 330 has several functional
circuit blocks. A DRIVER block has an output coupled to the
OUT pin, which 1s coupled to the base of an external power
transistor, €.g., transistor Q in FIG. 3. In this embodiment, the
DRIVER block recerves a “PFM™ (pulse frequency modu-
lated) control signal. The PFM control signal 1s determined,
among other things, by a constant voltage (CV) signal and a
constant current (CC) signal. As shown 1 FIG. 4, the CV
signal 1s generated by circuit blocks including a voltage
detector, a CV control circuit, an oscillator Osc, and a tlip-tlop
CV Latch. The Voltage detector includes a comparator and an
error amplifier EA. The CV signal 1s used for maintaining a
constant output voltage mn CV mode. Error amplifier EA
compares the feedback signal from FB with reference volt-
ages, such as the 4V shown in FIG. 4.

In the configuration shown 1n FIG. 4, the CC signal can be
used for maintaining a constant output current in the constant
current mode, and 1s generated by CC Loop Duty Control
block and a flip-tlop CC Latch. A capacitor contl and a
reference voltage, e.g., 3.75V, are used for timing control in
CC mode operations. Additionally, a Peak Current Sensor
block senses a current 1n the primary winding provided by the
CS pin and sends out signals to both the CV control circuit
and the CC control circuit. In some embodiments, these sig-
nals are configured to turn oif the control pulse when, e.g., the
primary current reaches a predetermined reference level.

The constant current (CC) mode operation 1s further 1llus-
trated 1n FI1G. 5, which plots current flows 1n the primary and
secondary windings in power supply 300 1n FIG. 3. As shown,
the current on the primary side 501 and the output current on
the second side 502 are plotted as functions of time. Two
operation cycles are indicated i FIG. 5, with each cycle
divided mto T 5, and T ,~~, which designate the time peri-
ods 1n which the secondary current 1s on and off, respectively.
The peak currents on the primary and secondary sides are
designated as 1, , ., and I. , ., respectively. The ratio of
I o .overl, » . 1sdetermined by the coil turnratio between
the primary side and the secondary side, Np/Ns. The average
output current at the secondary side I ,, ,-can be expressed by
the following equation:

Ip peai
— 3

N p TDHS
Lour = 5 % D giode, Where Dgipu, =

N 5 Tons + Tof 5

where Ddiode 1s the secondary conduction duty, 1.e., the
fraction of time during which the secondary current tlows. A
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typical I-V characteristic for power supply 300 1n constant-
current mode operation 1s 1llustrated i FIG. 1.

In Eq. 1, i1 the primary peak current I,_,__, and secondary
conduction duty Ddiode are held constant, then the average
output current at the secondary side 1,,,-1s also a constant.
Thus, a constant current (CC) mode of controller 330 can be
achieved by CC Loop Duty Control block 1in FIG. 3 that 1s
configured to hold I._»,_ . and Ddiode constant.

In some embodiments, providing that the system 1s oper-
ating 1n the discontinuous mode (DCM), continuous mode
(CCM) boundary DCM, or discontinuous mode boundary
(DCMB), the relationship 1n Eq. 1 can be achieved. In some
DCM applications, primary side regulators are used in CC
mode, where primary current and secondary current are
related 1n relative simple ways.

Embodiments of the invention provide methods and cir-
cuits that enable I-V characteristics that can be tailored for
specific operations, such as curves 1 and 2 in FIG. 2. In the
embodiments described below, circuit blocks Block A and
Block B are included in power converter 300 to provide these
functions.

FIG. 6 15 a simplified schematic diagram of a power con-
verter 600 according to an embodiment of the present mven-
tion. As shown, power converter 600 1s similar to power
converter 300 described above 1n connection with FIG. 3. For
example, controller 630 1n FIG. 6 1s similar to controller 330
described above 1n conjunction with FIG. 4. Therefore, cer-
tain details 1n FIG. 6, such as the rectifying circuits and
various resistance circuits, are not elaborated here. The
description below will be focused on the circuitry for tailoring
the output I-V characteristics involving, e.g., Block A, Block
B, and controller 630.

In an embodiment, Block A i FIG. 6 1s coupled to the
transiformer through output voltage sampling winding L3,
and 1ncludes a rectifier diode D10, a filter capacitor C4, and a
bias resistor R16. The position of an auxiliary winding, such
as L3, may be disposed close to erther the primary winding or
the secondary output winding. Different positions and direc-
tions of the auxiliary winding can cause different coupling
and will bring different induced voltages, which can affect the
feature of output I-V curve. For example, when auxihiary
winding L3 1s close to the secondary output winding 1.4, the
induced voltage Vaux can be expressed as:

V... =K1*Vo+K4

Eq. 2

where K1 and K2 are parameters determined by the coupling
arrangement between the windings. As shown in FIG. 6,
sampled voltage Vaux 1s coupled to the CS terminal of con-
troller 630. In this case, the new 1,_,. . can be expressed as
follows:

I peak = Ip-peak-0rigin = (VO K1 + K2)- R16 + RY

where 15z, .1 6,1, 18 the original value of I, ., without the
teedback signal derived from Vaux. From Eq. 3, 1t can be seen
that, the peak current1,_,__, can be adjusted to decrease with
increasing voltage Vo, leading to an I-V curve similar to curve
1 of FIG. 2. Moreover, parameters such as K1 and R16 can be
used to adjust the slope of the I-V curve.

In FIG. 6, Block B 1s coupled to the transformer through
bias winding L2 (VCC winding), and includes a rectifier
diode D3, a filter capacitor C3, a bias resistor R17, and a
comparator circuit including a Zener diode ZD1 and a tran-
sistor (Q2. Here the reference voltage in the comparator 1s
provided by Zener diode ZD1, but other reference regulators
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can also be used. The PNP transistor (Q2 will be turned off
when the sampled voltage from L2, Vaux, drops to a certain

value, e.g., as determined by the Zener diode. Thus, the
sampled voltage will increase, causing the peak current to
told back. The I,_,, . can be calculated as:

4 P-Peak —

RY

IP—PEER—GFEEIIH — (Vo K1+ Kz) ' ' R17 + RO

Vzl

R16+R9

The value of resistor R17 can be used as a parameter to control
the output current, and the Zener voltage of ZD1 can be used
to adjust the fold back point. With Block A and Block B
described above, curves such as curve 1 and curve 2 1n FIG. 2
can be obtained.

FIG. 7 1s a simplified diagram 1llustrating the operation of
power converter 600 o FI1G. 6 according to an embodiment of
the present invention. In this example, the auxiliary winding
1s disposed close the secondary output winding. The upper
diagram shows feedback voltage Vaux and output voltage Vo
as a function of time. As can be seen on the left hand side of
the upper diagram, Vaux and Vo increase with time in the
constant current (CC) mode. When the output voltage Vo
reaches a target, e.g., Vo=13V, the constant-voltage (CV)
mode control takes over to maintain Vo at the target voltage.

In the CC mode, a substantially constant current can be
maintained at the output. In addition, as described above, 1n
embodiments of the mvention, the relationship in CC mode
can be tailored for specific applications. As shown 1n Eq. 3,
when Block A 1s activated, the peak current in the primary
winding I, . . decreases with increasing output voltage Vo.
When both Block A and Block B are activated, the current
starts to decrease with decreasing voltage after a fold back
point, as described by Eq. 4.

In FIG. 7, the CC mode operation 1s further divided 1n
Region A, where Block A 1s activated, and Region A+B,
where Block A and Block B are activated. Merely as an
example, Region A and Region A+B are separated at fold
back point Vo=2V. As shown in the middle diagram, in Region
A, output current Io and sensed current signal Ipk increase
with decreasing Vo. In part of Region A+B, the current
decreases with decreasing voltage.

In embodiments of the invention, the current in the primary
winding 1s sensed by coupling to the CS terminal of the
controller using a voltage at a sense resistor, €.g., Rsense 1n
FIG. 3. When Block A, or both Block A and Block B, are
activated, they introduce an additional voltage component to
the CS terminal. The modified, or compensated, current sense
signal 1s used for controlling the primary current. This addi-
tional voltage component 1s 1llustrated in the lower diagram in
FIG. 7 as “Vcompensation on Rcs.”

FIG. 8 1s a simplified schematic diagram of a power con-
verter 800 according to an alternative embodiment of the
present mnvention. Converter 800 1s similar to converter 600
described above 1n conjunction with 1n FIGS. 6 and 7, but
with different circuit details 1n Block A and Block B. It 1s
noted that 1n FIG. 8, a Zener device ZD1 1s used in Block A
and an NPN transistor Q2 1s used in Block B to adjust CC
transition point. The operation of converter 800 1s otherwise
similar to that of converter 600.

FI1G. 9 1s a simplified block diagram of an integrated circuit
power controller 900 according to another embodiment of the
present invention. In the power converters described above,
control circuitry such as Block A and Block B can be imple-
mented outside a power controller integrated circuit chip,
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using either discrete components or separate integrated cir-
cuits. In the embodiment shown in FIG. 9, power controller
900 15 a single integrated circuit configured to implement the
desired I-V characteristics. In some embodiments, no addi-
tional auxiliary winding 1s needed.

As shown 1 FIG. 9, controller 900 has many components
similar to those in controller 400 of FIG. 4. Therefore,
detailed descriptions of these components are not repeated
here. In FIG. 9, the output voltage mformation 1s sampled
from the FB pin, and the sampled voltage Vo 1s coupled to the
peak current sensor through Block A and Block B. In the
example of FIG. 9, Block A includes a resistor, and Block B
includes a comparator circuit, a transistor, a diode, and a
resistor. Block B also receives a signal VDD, which 1s derived
from the power supply voltage at pin VCC.

When block A 1s activated, the 1, ., can be expressed as
follows:

1p_peai =L p peate-Origin— V0 *K4 Eq. 5

where K4 1s a parameter determined by the detailed circuit
implementation. So the primary current becomes larger with
the decreasing output voltage and average output current also
becomes larger, similar to the characteristic depicted by curve
2 in FIG. 2.

When the block B 1s activated, the I,_5, . 1s:

{p Peak :IP—Peak—fj?rf,gin_ Vo*K4-VDD*K5 Eq. 6

where K5 1s another parameter determined by the detailed
circuit implementation. Thus, the I-V characteristic depicted
by curve 1 1in FIG. 2, including lower output current at lower
voltage in the CC mode, can be achieved through Block A and
Block B.

As described above, the change of peak current according
to the sampled voltage can be implemented using relatively
elficient design and offers the benefit of accurate control 1n a
large operating range. In some embodiments, a higher output
current may lead to larger turn-oif current at primary side,
which could bring slightly more switching loss.

FI1G. 10 1s a simplified block diagram of a power controller
integrated circuit 1000 according to an alternative embodi-
ment of the present invention. In this embodiment, the power
converter output current 1s controlled by the secondary con-
duction ratio, Ddiode, described above in conjunction with
Eqg. 1. As explained below, Ddiode can be configured to vary
inversely with the output voltage 1n the CC mode, yet the
primary peak current 1s kept fixed. As a result, the average
output current 1s mversely proportional to the output voltage
in the CC mode.

As shown 1n FIG. 10, controller 1000 has many compo-
nents similar to those 1n controller 400 of FIG. 4. Detailed
descriptions of these components are not repeated here. In
FIG. 10, the voltage sampled through FB 1s coupled the CC
duty control circuit block through Block A&B. In some
embodiments, the output voltage 1s lower, and the secondary
conduction duty 1s larger. As a result, the average output
current 1s larger. In this design Block A& B can include similar
circuits as Block A and Block B described above. A benefit of
this design 1s that the primary peak current 1s not increased, so
the flux density does not become higher at low Vo. In some
embodiments, the secondary conduction ratio may be
restricted with a max duty limitation.

FIG. 11 1s a simplified schematic diagram of a power
controller integrated circuit 1100 according to another
embodiment of the present invention. Controller 1100 1s simi-
lar to controller 1000 of FIG. 10, but includes a more detailed
implementation of certain circuit blocks according to this
specific embodiment, with some other features omitted 1n
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FIG. 11. As shown, the CC loop duty control circuit 1s con-
figured to provide a PFM control signal with a conduction
duty 1n constant current (CC) mode determined through the
charging and discharging of a capacitor Ccc. In this embodi-
ment, with a charging current 1 and discharging current
0.75%*1, the secondary conduction ratio 1s 1/(0.731+1)=4/7.

In FIG. 11, the discharging current 1s modified by Block A
and Block B, with the charge rate held unchanged. In an
embodiment, Block A and Block B are similar to Block A and
Block B 1n FIG. 9. Block A coupled sampled voltage Vo to the
discharging circuit, and Block B coupled VDD to the dis-
charging circuit. The new discharging current is:

IEISCHARGE:(075+K6 E:Vﬂ)bgfp ﬂ.ﬂd

when the Block A and both Blocks A and B are activated,
respectively. It follows that the secondary conduction ratio 1s:

D, =I{(0.75+K6*Vo)* [+)=1/(0.75+K6* Vo), and

D, =1/(0.75+K6 *Vo—-K7*VDD),

respectively. As a result, I-V curves such as those shown in
FIG. 2 can be obtained.

FIG. 12 1s a simplified diagram 1llustrating the variation of
currents 1n a power converter mncorporating the power con-
troller itegrated circuit 1100 of FIG. 11 according to an
embodiment of the present invention. As shown, the peak
primary and secondary currents, I, ., and I ,_ ., are held
constant, but the conduction cycle increases as the sampled
output voltage Vo decreases. As a result, the output current
I, 1ncreases as Vo decreases. As shown 1n FIG. 12, T
increases with decreasing Vo.

FIG. 13 1s a sumplified schematic diagram of a power
controller integrated circuit 1300 according to another

embodiment of the present invention. Controller 1300 1s simi-
lar to controller 1100 of FIG. 11, but the feedback signals

provided by Block A and Block B are coupled to both the
charging current and discharging current of capacitor Ccc.

FIG. 14 15 a simplified diagram 1llustrating the variation of
currents 1n power converter imncorporating the power control-
ler integrated circuit 1300 of FI1G. 13 according to an embodi-
ment of the present invention. As shown, the peak primary
and secondary currents, 1, ., . and I »_ ., are held constant,
but the conduction cycle increases as the sampled output
voltage Vo decreases. Therefore, the output current I,,,-
increases as Vo decreases. In FIG. 14, both T, and T 577«
increase with decreasing Vo.

As described above, the output current can be modified by
two parameters in the constant-current (CC) mode, namely,
primary peak current 1,_,__. and secondary conduction duty
ratio Ddiode, In embodiments of the present invention, these
two quantities are used to provide desired output I-V charac-
teristics. In some embodiments, the invention provide meth-
ods to control the primary peak current I,_,,__, during the CC
mode, with the secondary conduction duty cycle Ddiode kept
constant. In other embodiments, the secondary conduction
duty cycle Ddiode can be configured to be a function of the
secondary output voltage Vo with the primary peak current
I,_»... held constant.

In some embodiments, the methods described above can be
combined to provide a desired output I-V characteristics. For
example, a quantity based on a sampled output voltage can be
used to modily both the peak current and the output duty
cycle. In a specific example, a signal processing block, can be
used to couple Vo or VCC to both the Peak Current Sensor
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block or the CC Loop Duty Control block to modity the
output I-V characteristic, using methods similar to those
described above

While the preferred embodiments of the invention have
been 1llustrated and described, 1t will be clear that the inven-
tion 1s not limited to these embodiments only. Numerous
modifications, changes, variations, substitutions, and equiva-
lents will be apparent to those skilled 1n the art without depart-
ing from the spirit and scope of the invention.

What is claimed 1s:

1. A method for controlling an output current of a power
converter, comprising:

receiving, at a current sense node, a current sense signal
related to a current 1n a primary winding in the power
converter,

using the current sense signal to produce a constant-volt-
age control signal to regulate an output voltage accord-
ing to a target voltage;

using the current sense signal to produce a constant-current
control signal having a constant duty cycle;

limiting the current sense signal to be lower than or equal to
a predetermined reference peak current; and

adding a first signal to the current sense node to cause the
output current to increase with decreasing output volt-
age, the first signal being related to the output voltage.

2. The method of claim 1, wherein modifying the current
sense signal comprises adding the first signal to the current
sense signal using at least a resistor.

3. The method of claim 1, further comprising modifying
the current sense signal using a second signal related to the
output voltage of the power converter to cause the output
current to vary with the output voltage.

4. The method of claim 3, wherein the method causes the
output current to:

increase with decreasing output voltage until the output
current reaches a maximum current 1n a first output
voltage range; and

be lower than the maximum current in a second output
voltage range.

5. The method of claim 1, wherein the power converter 1s
configured to maintain a conduction duty ratio, the method
turther comprising modifying the conduction duty ratio using
at least a signal related to the output voltage of the power
converter to cause the output current to vary with the output
voltage.

6. A power converter, comprising:

a primary winding for providing a primary current;

a secondary winding for providing an output current and an

output voltage;

a power switch coupled to the primary winding;

a pulse frequency modulation (PFM) control circuit that
includes a constant voltage control block and a constant
current control block for generating a PEFM control sig-
nal to the power switch for controlling a current flow 1n
the prnmary winding in a constant-voltage mode and a
constant-current mode, respectively, wherein the con-
stant voltage block 1s configured to regulate the output
voltage according to a target voltage, and the constant
current block 1s configured to produce a signal having a
constant duty cycle;

a current sense node for recerving a current sense signal
related to the primary current, wherein the current sense
signal 1s coupled to the constant voltage block for con-
trolling a width of the PFM control signal, and the cur-
rent sense signal 1s also coupled to the constant current
block for controlling the constant current block; and
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a first circuit coupled to the current sense node and config-
ured to add a first signal to the current sense node to
cause a variation in the current sense signal, the first
signal being constant in the constant-voltage mode and
the first signal varying with the output voltage in the
constant-current mode.

7. The power converter of claim 6, wherein the control
circuit 1s configured to cause the output current to increase
with decreasing output voltage.

8. The power converter of claim 6, wherein the first circuit
and the control circuit are included in separate integrated
circuit chips, the current sense node being coupled to a cur-
rent sense pin of the control circuit chip.

9. The power converter of claim 6, further comprising a
second circuit configured to modify the current sense signal
using a second signal related to the output voltage of the
power converter to cause the output current to vary with the
output voltage.

10. The power converter of claim 9, wherein the converter
1s configured to:

cause the output current to increase with decreasing output
voltage until the output current reaches a maximum
current 1n a first output voltage range; and

cause the output current to be lower than the maximum
current 1n a second output voltage range.

11. The power converter of claim 9, wherein the second

circuit comprises a transistor, a Zener device, and a resistor.

12. The power converter of claim 9, wherein:

the control circuit 1s included 1n a single integrated circuit
chip; and

the first circuit and the second circuit comprise discrete
components.

13. The power converter of claim 6, wherein:

the control circuit 1s further configured to maintain a con-
duction duty ratio; and

the controller 1s further configured to modity the conduc-
tion duty ratio using at least a signal related to the output
voltage of the power converter to cause the output cur-
rent to vary with the output voltage.

14. The power converter of claim 6, wherein a peak current

at the current sense node 1,_,, . 1s expressed as

_ S
IP—Peak_IP—PEﬂk—Grigin_ Yo" K4

wherein Vo*K4 represents the first signal, and 15 p, 1. 0,504,
1s the peak current at the current sense node without the
first signal, wherein Vo 1s the output voltage and K4 1s a
parameter.
15. The power converter of claim 6, wherein a peak current
at the current sense node 1,_,_ . 1s expressed as

IP—Peak:IP—Peak—Grz‘gin_ Vo *K4-VDD*K5

wherein Vo*K4-VDD*KS represents the first signal, and
lp_peai-origin 15 the peak current at the current sense node
without the first signal, wherein Vo 1s the output voltage
and K4 1s a first parameter, VDD 1s a rectified voltage 1n
the PFM control circuit, and K5 1s a second parameter.

16. A controller for a power converter, comprising:

a constant voltage block including a comparator and an
error amplifier, the constant voltage block being config-
ured to generate a {irst control signal 1n response to an
input signal related to an output voltage of the power
converter,

a constant current block including a first current source and
a second current source for charging and discharging a
capacitor, respectively, for producing a second control
signal having a duty cycle related to a current ratio of the
first and the second current sources; and



US 8,514,594 B2

13

a first circuit coupled to the constant current block and
configured to add a third control signal to one or more of
the first current source and the second current source of
the constant current block to cause an output current of
the power converter to vary with the output voltage, the
third control signal being related to the output voltage.

17. The controller of claim 16, wherein the controller 1s

configured to cause the output current to increase with
decreasing output voltage.

18. The controller of claim 17, wherein the first circuit

includes at least a resistor.

19. The controller of claim 16, wherein the controller 1s a

pulse frequency modulation (PFM) controller.

20. The controller of claim 16, further comprising a second
circuit coupled to the constant current block and configured to

use the mput signal to modily the second control signal to

cause an output current ol the power converter to vary with the
output voltage.
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21. The controller of claim 20, wherein the controller 1s
configured to:

cause the output current to increase with decreasing output

voltage 1n a first output voltage range until the output
current reaches a maximum current; and

cause the output current to be lower than the maximum

current 1n a second output voltage range.

22. The controller of claim 20, wherein the second circuit
comprises a transistor, a Zener device, and a resistor.

23. The controller of claim 20, wherein the first circuit, the
second circuit, and the control circuit are included 1n a single
integrated circuit chip.

24. The controller of claim 20, wherein:

the control circuit 1s included 1n a single integrated circuit

chip; and

the first circuit and the second circuit comprise discrete

components.
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